In this letter, we analyze the quasistatic and dynamic magnetoelectric responses of multiferroic composite nanofibers consisting of both ferroelectric and ferromagnetic phases and demonstrate that the nanofibers exhibit magnetoelectric responses orders of magnitude higher than multiferroic composite thin films of similar compositions. The analysis suggests that the multiferroic nanofibers are promising for magnetoelectric applications. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3095596͔
Magnetoelectric coupling in multiferroic materials has attracted great interests in recent years not only for their fundamental scientific significance but also for their potential applications in sensing, actuation, data storage, and spintronics. [1] [2] [3] [4] Since magnetoelectric effect in single-phase multiferroics is rather rare and small and often exists only at low temperature, 5 hybrid multiferroic composites consisting of ferroelectric and ferromagnetic phases have been widely explored, 6 where room temperature magnetoelectric coupling not existing in either constituent is induced in the composites through the mechanical interactions between piezoelectric and magnetostrictive effects. [7] [8] [9] [10] Many of the studies have focused on low-dimensional thin films of multiferroic composites, 3,11-13 yet the mechanical constraint of film substrate has severely limited their magnetoelectric response. Multiferroic nanofibers have been proposed as an alternative to magnetoelectric thin films and have recently been synthesized by sol-gel based electrospinning. [14] [15] [16] In this letter, we show from simple analysis that the multiferroic composite nanofibers indeed possess magnetoelectric coupling that is orders of magnitude higher than multiferroic composite thin films of similar compositions, and thus are promising for practical applications.
To be specific, we consider a multiferroic composite nanofiber consisting of both ferroelectric and ferromagnetic phases and is aligned and electrically poled along x 1 axis. As such, the constitutive equations of the nanofibers are given by
where 1 , D i , and B i are strain, electric displacement, and magnetic induction, respectively, 1 , E k , and H k are stress, electric field, and magnetic field, respectively, and S 11 , ik , and ik are elastic compliance, dielectric permittivity, and magnetic permeability, respectively. Due to the onedimensional nature of nanofiber, we only have nonzero stress component in x 1 direction. The nanofiber exhibits both piezoelectric effect from its ferroelectric phase and magnetostrictive effect from its ferromagnetic phase, as demonstrated by the piezoelectric coefficient d k1 and piezomagnetic coefficient q k1 . However, it does not exhibit magnetoelectric effect at the material level, as evident from its lack of magnetoelectric coefficient connecting electric and magnetic field variables in the constitutive equations. Now consider such a nanofiber as a beam structure with both ends fixed, and thus any extensional deformation in the nanofiber is prohibited. When a magnetic field H k either along or perpendicular to the fiber is applied, the strain due to the magnetostrictive effect is blocked due to the mechanical constraint at both ends, and stress is induced in the fiber as a result, which can be solved as
with
The stress will then induce electric response in the fiber due to its piezoelectric effect. By substituting Eq. ͑4͒ into Eq. ͑2͒, we obtain the electric displacement as
It is noted that the magnetoelectric coupling is now induced in the nanofiber at 
with the longitudinal response due to H 1 characterized by r 11 and transverse response due to H 3 by r 13 . Note that both 12 and 13 vanish due to transverse isotropic symmetry of poled ferroelectrics.
To compare the magnetoelectric response of nanofibers with thin films of similar compositions, we plot the longitudinal magnetoelectric coefficient r 11 of nanofiber and r 33 of thin film, as shown in Fig. 1 . Both the nanofiber and thin film consist of ferroelectric lead zirconate titanate and ferromagnetic CoFe 2 O 4 , and the thin film composite has bilayered structure on a thick substrate, with film thickness along x 3 axis. The detailed analysis of the bilayered multiferroic composites can be found in Zhang et al. 17 and will not be repeated here. PZT has d 11 = 289ϫ 10 −12 C / N, S 11 = 15.5 ϫ 10 −12 m 2 / N, and 11 = 5.52ϫ 10 −9 C 2 N / m 2 , while CoFe 2 O 4 has q 11 = 1.88ϫ 10 −9 m / A, q 31 = 5.7ϫ 10 −12 m / A, and S 11 =7ϫ 10 −12 m 2 / N when magnetized along x 1 direction, and S 11 = 6.48ϫ 10 −12 m 2 / N when magnetized along x 3 direction. 18, 19 The material constants of the composite are estimated using a simple volume averaging. It is observed that nanofiber exhibits highest magnetoelectric response at 50% of PZT and has magnetoelectric coefficient that is two orders of magnitude higher than that of thin film, suggesting that the multiferroic nanofibers are indeed promising for magnetoelectric applications. Similar observations can also be made on transverse response, as shown in Fig. 2 . It is also noted that the transverse magnetoelectric response of nanofiber is smaller than its longitudinal one, while the trend for thin film is reversed.
It is well known that the mechanical resonance of the composite structure can be used to enhance the magnetoelectric response of the composite substantially. 20 To investigate this dynamic effect, we consider a harmonic magnetic field of magnitude A k and frequency , as given by H k = A k exp͑it͒. Under the steady state condition, all the field variables have the same time dependence, and thus will be dropped for convenience. The motion equation and the electric equilibrium equation of the nanofiber then become 1,1 = C 11 u 1,11 + ẽ 11 ,11 = − 2 u 1 , ͑9͒
in which the gradient of the uniform magnetic field applied vanishes. The equations can be solved for the induced electric field under free-end mechanical boundary condition as
which clearly show a maximum magnetoelectric response near mechanical resonance when cos kL = 0. The corresponding magnetoelectric coefficient is then given as
The transverse dynamic responses of the multiferroic composite nanofiber and thin film as a function of magnetic driving frequency are shown in Fig. 3 , with the volume fraction of PZT set to be 25%. To avoid singularity at the resonance, we introduce mechanical damping in the composite, by setting its loss tangent to be 5%. A slight change in the loss tangent, while affecting the absolute value of dynamic magnetoelectric coefficients, does not change the following qualitative comparisons and conclusions. The maximum magnetoelectric responses are indeed observed in both nanofiber and thin film at their mechanical resonance, which are almost two orders of magnitude higher than the corresponding static responses, consistent with experimental observations in bulk composite structures. 20 In addition, the dynamic magnetoelectric response of nanofiber is also more than one order of magnitude higher than that of thin film, similar to what we observed for static response. Similar ob- servations can also be made on the longitudinal dynamic magnetoelectric response of nanofiber, as shown in Fig. 4 , where the two-dimensional mapping of longitudinal dynamic magnetoelectric coefficient of the nanofiber is plotted as a function of volume fraction of PZT and magnetic driving frequency, from which the optimal volume fraction and driving frequency can be identified.
In conclusion, we show from simple analysis that the multiferroic composite nanofibers have magnetoelectric responses that are orders of magnitude higher than composite thin films of similar compositions, suggesting that multiferroic composite nanofibers are promising for magnetoelectric applications.
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